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Antibodies to Glycolipids Activate Complement
and Promote Proteinuria in Passive
Heymann Nephritis
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Passive Heymann nephritis is an experimental
rat model of human membranous nephropathy
induced by injection ofantisera against crude re-
nal corticalfractions such as Fx1A or rat tubular
microvilli. This results in the formation of sub-
epithelial immune deposits, the activation ofthe
C5b-9 membrane attack complex ofcomplement,
and severe proteinuria. While the formation of
immune deposits is attributed to in situ immune
complex formation with antibodies specifc for
the gp330-Heymann nephritis antigenic complex
(HNAC), activation of complement and protein-
uria appear to be caused by at least one addi-
tional antibody speciespresent in anti-FxiA sera.
We have separated by affinity absorption
polyspecfifc antisera against Fx1A and rat mi-
crovili into one IgGfraction directed specifically
against microviUar proteins (anti-Fx1A-prot)
and another IgGfraction speciftcfor glycolipids
(ant-FxJA-lip) of tubular microvilli. When in-
jected into rats, the anti-FxlA-prot fraction in-
duced immune deposits but failed to activate
complement or produce proteinuria, similar to
results obtained with affinity-purified anti-gp330
IgG. When the antibodies ofthe anti-FxJA-lipfrac-
tion were injected alone they did not bind to glo-
meruli. By contrast, when the IgGs specificfor the
Fx1A-prot fraction (or for gp330-HNAC) were
combined with those directed against the Fx1A-
lipglycolipidpreparation, immune deposits were
formed, in situ complement activation was ob-
served, and also proteinuria was induced. It is
concluded that within anti-FxlA and anti-

microviUar sera there are at least two IgGfrac-
tions of relevance for the development of PHN:
one directed against the gp330-HNAC complex
which is responsiblefor the development of im-
mune deposits, and a second specificfor glyco-
lipid antigen(s) which activate(s) the comple-
ment cascade. (AmJPathol 1994, 144:807-819)

Active Heymann nephritis (HN) is an experimental rat
model of membranous nephropathy that closely re-
sembles the human disease in its principal features:
the formation of subepithelial immune deposits in re-
nal glomeruli and proteinuria.1 2 Passive Heymann
nephritis (PHN) is a variant in which these features are
rapidly produced by injection of heterologous anti-
bodies against crude extracts of kidney cortex, called
Fx1A,3 or a glycolipoprotein fraction prepared from it
(RTEa5),3 or isolated microvillar fractions (MV) from
proximal tubules of rat kidney.4 These polyspecific
antisera contain, among several other specificities,
IgG directed against a large membrane glycoprotein
complex, the gp330-Heymann nephritic complex
(HNAC),56 which is present in glomerular epithelial
cells.7 The HNAC is assembled of the large glyco-
protein gp330 and an associated 44-kd protein
(called C145 or receptor-associated protein, RAP)6
and serves as antigenic target for the formation of the
initial immune complexes in situ in clathrin-coated pits
of the cell membranes on the "soles" of the podo-
cytes. Recently, a nephritogenic epitope on the 44-kd
component of the HNAC was narrowed down to -80
amino acids.6 By contrast, much less is known about
the molecular aspects of capillary wall damage and
proteinuria in PHN. It is now established that the local
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activation of C5b-9 within the immune deposits is es-
sential for the development of proteinuria,8-1 but how
this activation is mediated is unknown. In this study
we have identified an IgG species in the polyspecific
anti-Fx1A and the anti-MV sera that is directed
against glycolipid antigen(s) and which is involved in
the activation of complement to the C5b-9 membrane
attack complex within the immune deposits in PHN.

mmol/L glycine buffer, pH 2.7, neutralized immedi-
ately with 1 mol/L Tris-HCI buffer, pH 8.0, dialyzed
against PBS, and concentrated in Aquacide 11 (Cal-
biochem, La Jolla, CA). Fx1A minus anti-gp330 IgG
was prepared by repeated absorption of anti-Fx1A
IgG on the gp330-affinity column until the unbound
IgG was found to be completely depleted of its anti-
gp330 specificity by immunoblotting. The fraction-
ation procedure is shown in Figure 1.

Materials and Methods

Animals

Male Sprague-Dawley rats (150 to 200 g) were ob-
tained from the Tierzuchtinstitut der Universitat Wien,
Himberg. The use of rats for experimental purposes
was permitted by the Austrian Ministry of Science.

Preparation of Antibodies

Sheep anti-Fx1A serum was obtained from Dr. W. G.
Couser (Seattle, WA) and was prepared as de-
scribed.3 Rabbit antibodies to isolated tubular mi-
crovilli from rat kidneys11 were produced by intra-
dermal immunization followed by two boosts, as
described.7 IgG from both sera were purified on a
protein G-agarose column (Pharmacia, LKB, Upp-
sala, Sweden). 12 Affinity-purified rabbit anti-
dipeptidyl peptidase (DPP IV) IgG was a gift from Dr.
P. Verroust. Rabbit anti-human laminin serum was
from BRL (Gaithersburg, MD). The concentration of
IgG was determined by reading of the OD280.

Monospecific anti-gp330 IgG was produced by cir-
culating of sheep Fx1A IgG over a CNBr-Sepharose
4B column to which 500 pg of gp330 were bound,
which was purified by electroelution from preparative
SDS-PAGE as described.7 IgG was eluted with 100

Preparation of Glycolipid-Specific IgG
Fractions (FxlA-lip IgG)

Sheep anti-Fx1A IgG and rabbit anti-MV IgG were
adsorbed to liposome suspensions which were pre-
pared from isolated tubular microvilli of 20 rat kid-
neys.11 Stepwise extraction of lipids was performed
at 4 C with chloroform/methanol 2:1, 1:1, 1:9, and with
methanol alone, and sonicated.13 The extracted lip-
ids in the pooled organic solvents were dried in a
rotary evaporator, dissolved in chloroform, centri-
fuged for 15 minutes at 20,000 rpm, and dried again.
Liposomes were formed by addition of 1 mol/L phos-
phate buffer, pH 7.2, at 37 C, by shaking, followed by
incubation at 20 C for 2 hours and ultrasonication for
5 minutes (Branson, CT) after the first hour. The lipo-
somes were centrifuged at 17,000 x g and washed
twice by suspension in PBS.14 Twenty mg of sheep
anti-Fx1A IgG or rabbit anti-MV IgG in PBS were
added to the liposome suspension, causing imme-
diate agglutination, followed by incubation for one
hour at 4 C. The agglutinated liposomes were pel-
leted, resuspended in 100 mmol/L triethylamine, pH
11.5 at 4 C, for elution of the bound IgG15 and im-
mediately centrifuged at 40,000 x gfor 15 minutes in
a Sorvall OM2 ultracentrifuge. The supernatant was

MV-protein column

Figure 1. Fractioniation of antisera to FxlA
and microvilli.
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neutralized with 1 mol/L Tris HCI, pH 8, dialyzed
against PBS at 4 C for 24 hours and concentrated with
Aquacide 11.

Sheep anti-Fx1A IgG and rabbit anti-MV IgG were

depleted of antibodies specific for microvillar proteins
by affinity absorption with delipidated isolated mi-
crovillar proteins. The delipidated protein residue that
remained as a by-product of the liposome preparation
was dried with a stream of N2 and dissolved in 2%
SDS (Bio-Rad Laboratories, Richmond, CA), diluted
to a final concentration of 0.2% of SDS with 0.1 mol/L
NaHCO3, and coupled to CNBr-Sepharose 4B. The
IgGs were circulated over this column, and the bound
IgG (designated anti-Fx1A-prot or anti-MV-prot IgG)
was eluted with 100 mmol/L glycine-HCI buffer, pH
2.7. The absorption was repeated 10 to 15 times, until
no antibody against any microvillar or renal cortical
protein was detected by immunoblotting. The IgG
fractions depleted of activities against protein anti-
gens obtained were designated anti-Fx1A-lip IgG or

anti-MV-lip IgG. The fractionation procedure is sum-
marized in Figure 1.

Immunoblotting on Microvillar Proteins

Isolated microvilli were dissolved in SDS sample
buffer (7.2% SDS, 9 mmol/L EDTA, 20% glycerol, 10
mmol/L dithiothreitol, 13 mmol/L Tris-phosphate
buffer, pH 6.8) by boiling for 3 minutes. The proteins
were separated by 7% SDS-PAGE6 and transferred
onto nitrocellulose.16 Immune overlays were per-

formed by incubation of transfers with the following
antibodies: sheep anti-Fx1A IgG (1 pg/ml); anti-Fx1A-
lip IgG from sheep or anti-MV-lip IgG from rabbit (150
pg/ml); anti-Fx1A-prot (4 pg/ml); anti-Fx1A IgG minus
gp330 (4 pg/ml); affinity-purified anti-gp330 IgG (1
pg/ml); affinity-purified anti-DPP IV IgG (1 pg/ml).
These antibodies were detected with alkaline
phosphatase-labeled affinity-purified goat anti-rabbit
IgG (Promega, Madison, WI), or alkaline
phosphatase-labeled rabbit anti-sheep IgG and
5-bromo-4-chloro-3-indolylphosphate and nitroblue-
tetrazolium in 100 mmol/L Tris-HCI buffer, pH 9.5
(Kirkegaard & Perry Laboratories, Gaithersburg, MD).

Immunoblotting of Glycolipids

Antibody binding to rat kidney glycolipids was de-
tected by a modified method of Magnani et al.17
Briefly, extracted microvillar glycolipids were sepa-

rated by chromatography on a glass-backed thin-
layer chromatography plate (Merck Kieselgel 60 WF,
Darmstadt, Germany), using chloroform/methanol/

water (60/35/8) as running solution. Some plates were
stained with orcinol. Plates were dried and soaked in
4% solution of poly-isobutyl-metacrylate (Aldrich,
Steinheim, Germany) in hexane for 90 seconds. After
air-drying, the plates were incubated in 3% BSA-PBS
and the chromatograms were overlaid in 3% BSA-
PBS for 1 hour at 20 C with the following antibodies:
sheep (data not shown) and rabbit anti-MV IgG; rabbit
anti-gp330 IgG; nonimmune rabbit IgG. All IgGs were
used at a dilution of 1:200. The plates were washed
with PBS, and bound antibody was detected by se-
quential incubations with biotinylated anti-rabbit Ig,
streptavidin peroxidase (Amersham, Braunschweig,
Germany), and the peroxidase substrate 4-chloro-
naphtole.

Induction of Heymann Nephritis

Rats were injected in the tail vein with 200 to 600 pg
IgG in 500 pl PBS. The amount of IgG used in the
different experimental groups is given in Tables 1 and
2. The 24-hour urine of the animals was collected from
days 4 to 7 in metabolic cages, and proteinuria was
measured by the biuret method.18 Animals were sac-
rificed on day 7, and kidneys were flushed blood-free
with ice-cold PBS and snap-frozen in N2-cooled iso-
pentane. For immunoelectron microscopy, the kid-
neys were fixed by perfusion with paraformaldehyde-
lysine-periodate solution (PLP), as described.19

Immunohistochemistry

Immunofluorescence was performed on unfixed 3-p
cryostat sections or on 1-p frozen sections of PLP-
fixed kidneys, cut on a Reichert Ultracut ultrami-
crotome, equipped with an F4 cryo-stage, as de-
scribed.20 Immune deposits were detected by direct

Table 1. Proteinu-a and Activation of C5b-9 MAC by
Antibodies to FxlA and MV Injected in Rats

IgG Immune deposits
injected contain

Antibody (mg)/200 g Proteinuria
specific for rat (mg/24 hr) IgG MAC

Fx1A* 4.5 6.2 Sheep +
6.7 5.5 Sheep +
8.9 8.7 Sheep +

11.2 60.0 Sheep ++
Affi-gp330* 0.17 8.1 Sheep 0

0.70 3.0 Sheep 0
1.70 5.9 Sheep 0

Fx1A minus 0.54 2.3 0 0
gp330*
Rat MVt 10.5 47.3 Rabbit ++
PBS 0 8.7 0 0

* Sheep IgG.
t Rabbit IgG.
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Table 2. Proteinuria and Activation of C5b-9 MAC by Antibodies to gp330 and Lipid Fractions Injected in Rats

Immune deposits

Antibody IgG injected Proteinuria contain
specific for (mg)/200 g rat (mg/24 hr) IgG MAC

Fx1 A-prot*

Fx1A-lip*
MV-lipt

Fx1A-lip* plus affi-gp330*

MV-lipt plus affi-gp330*

PBS

* Sheep IgG.
t Rabbit IgG.

0.49
0.58
0.70
0.55
0.40
1.57

0.17/0.24
0.55/0.47
0.40/0.15
1.57/1,7

0

immunofluorescence with FITC-conjugated rabbit
anti-goat F(ab)2 fragment (Jaxell Accurate Chemi-
cals, Westbury, NY), which was found to react also
with sheep IgG and which was depleted of cross-
reactivity by preabsorbtion with rat IgG and rabbit IgG
bound to CNBr-agarose (Sigma Chemical Co., St.
Louis, MO) or with FITC-mouse anti-rabbit F(ab)2,
which was preabsorbed with sheep IgG and rat IgG
bound to CNBr-Sepharose. The C5b-9 (MAC) neo-
antigen was localized by indirect immunofluores-
cence using a monoclonal antibody obtained from Dr.
W. G. Couser, as described,e and as second antibody
goat anti-mouse F(ab)2 (Jaxell) which was preab-
sorbed on sheep, rabbit, and rat IgG bound to CNBr-
agarose (Sigma). For negative controls the first anti-
bodies were omitted or replaced by irrelevant mouse
IgG.

Localization of Fx1A-lip and C5b-9 on ultrathin fro-
zen sections was performed as described.20 Briefly,
PLP-fixed kidneys of rats that were injected with
sheep anti-gp330 IgG plus rabbit anti-MV-lip IgG
(group 1), or normal rat kidneys (group 2), were cut
on a Reichert Ultracut ultramicrotome equipped with
a F4 cryo-stage. The sections in group 1 were incu-
bated with 1 0-nm gold particles conjugated to sheep
anti-rabbit IgG (diluted 1:50; Auroprobe, Amersham).
Other sections were incubated with monoclonal anti-
C5b-9 IgGe followed by a bridging rabbit anti-mouse
IgG and 10-nm gold anti-rabbit IgG conjugate. Sec-
tions in group 2 were incubated in rabbit anti-MV-lip
IgG (10 pg/ml), followed by 10-nm gold anti-rabbit
IgG conjugate. The sections were processed as de-
scribed20 and examined in a JEOL 1200 electron mi-
croscope.

Injected antibodies to laminin and DPP IV were lo-
calized by direct immunoperoxidase electron micros-
copy. Briefly, sections of PLP-fixed rat kidneys that
were injected with affinity-purified sheep anti-gp330

7.6
4.9
3.3
3.0
5.2
3.0

10.9
3.2
5.7

31.3
8.7

Sheep
Sheep
Sheep
0
0
0
Sheep
Sheep
Sheep + rabbit
Sheep + rabbit
0

0
0
0
0
0
0

+
+

++++

IgG (420 pg, 530 pg), followed by rabbit antibodies to
laminin (750 pg IgG) or to DPP IV (450 pg IgG), were
incubated with sheep anti-rabbit IgG F(ab)' frag-
ments or with rabbit anti-sheep IgG F(ab)' fragments,
conjugated to horseradish peroxidase (diluted 1: 100,
Biosys, Compiegne, France), and processed as de-
scribed. 7,20,21

Results

Subfractions of Anti-FxlA IgG

Sheep anti-Fx1A IgG and rabbit anti-MV IgG showed
similar properties in their polyspecific pattern of bind-
ing to microvillar proteins (Figure 2) and to glycolipids
(Figure 3) in immunoblots. They also induced granu-
lar subepithelial immune deposits after intravenous
injection (Figure 4A), activated complement C5b-9
membrane attack complex (Figure 4B), and pro-
duced heavy proteinuria (Table 1).
When anti-Fx1A or anti-MV IgGs were absorbed

with protein-free liposomes prepared from isolated
microvilli, rapid agglutination reaction was observed
that was only partially reversed when the bound IgG
was eluted with alkaline elution buffer. The yield of the
IgG released from the liposomes amounted to -0.2%
of the initial anti-Fxl A or anti-MV IgG. These anti-Fxl A
or anti-MV-lip IgG fractions failed to label any microvil-
lar protein by immunoblotting (Figure 2).
As an alternative approach for the purification of

the lipid-specific anti-Fxl A-lip or anti-MV-lip fractions,
the polyspecific anti-Fx1 A or anti-MV IgGs were com-
pletely depleted of antibodies with specificity for mi-
crovillar proteins by repeated absorption to an affinity
column containing delipidated microvillar proteins
(Figure 2). This non-protein-specific IgG obtained
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Figure 2. Characterzation of antibody fractions used for injection
into rats by immunoblotting on rat microvillarproteins (separated by
3.6-10% SDS-PAGE). Antibodies used: sheep anti-FxlA IgG, anti-
FxJA-prot IgG, obtained from the binding fraction of anti-FxiA IgG
to an affinity column containing a preparation ofdelipidated rat mi-
crovillar proteins; gp330-affi, affinity-purified sheep antibodies to
gp330; Fx1A minus gp330 IgG, obtaitned after depletion of antibodies
directed against gp330, Fx1A-lip IgG, obtained after absorbing the
anti-FxJA IgG or anti-MVIgG proteins to protein-free liposomes of rat
tutbular microvilli or after remoival of'all antibodies directed against
niicrovillar proteints. Both anti-glycolipid fractionis fail to recognzize
microivillar proteins, et'en when the anti,MV-lip IgG u'as used in a

vety higb concentration for incuibation of' the nitrocelluilose transjers
( 150 jig/ml).

showed identical properties to that purified by ab-
sorption onto liposomes. Both IgGs failed to bind to
glomeruli after intravenous injection (Figure 5E).
The IgG fraction designated anti-Fx1A-prot was

specific for microvillar proteins (Figure 2) but devoid
of any glycolipid-binding IgG. This IgG fraction im-
munostained proximal tubular brush borders (data
not shown) and produced formation of immune de-
posits after injection, but it failed to activate comple-
ment (Figure 5, C and D) and did not cause protein-
uria (Table 2).
When the antibody fractions anti-MV-lip and Fx1A-

prot were recombined and injected into rats, granular

Figure 3. Microvillar glycolipids, as resolved by thin-layer chroma-
tography, of a glycolipid extract prepared by suspending isolated rat
microvillar membrane fractions in apolar solvents. Orcinol staillitng
reveals several major glycolipid bands, while immunoblotting wvith
aniti-MV IgG shows a more restricted pattern which, however, clearly
indicates the multispecificity of this antibody for several glycolipids.
Affinity-purified anti-gp330 IgG as well as a nonimmune rabbit se-
nrm conitrolfails to bind to any glycolipid.

immune deposits as well as C5b-9 activation and pro-
teinuria were observed (data not shown) which was
expected.

Affinity-Purified Anti-gp330 IgG Induces
Immune Deposits

Affinity-purified anti-gp330 IgG was prepared from
the polyspecific anti-Fx1 A and anti-MV IgGs and was
found to label exclusively gp330 by immunoblotting
(Figure 2) and the basal aspect of the microvillar
brush borders by immunohistochemistry. This IgG in-
duced granular immune deposits 7 days after injec-
tion (Figure 5C), as described8; however, it failed to
activate complement (Figure 5D) or induce protein-
uria (Table 1). Immunoblots on microvillar glycolipid
fractions showed no specific binding (Figure 3).
When the anti-Fx1A IgG or anti-MV IgG was se-

lectively and completely depleted of IgG specific for
gp330 to yield the fraction anti-Fx1A minus gp330
IgG, it was found to label the brush border region of
proximal tubules by immunofluorescence; however, it
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Figure 4. Comparative localization by immunofluorescence of IgG and of C5b-9 in glomeruli 6 days after injection of unfractionated anti-FxJA
IgG (A, B) and the FvIA-prot IgG fraction (C, D) A: Granular pattern of sheep IgG within the glomerular immune deposits; B: Deposition of the
C5b-9 complement complex C and D: In/ecion qof the FxJA-prot JgG directed against microvillarproteins. C: Sheep antibodies within the immune
depowit.% similar to A but with no actiuation of the complement C5(-9 complex, as shown in D (X 600).

failed to bind to glomeruli and to activate complement
after injection (Figure 5, E and F).

Glycolipid-Specific IgG Fractions Activate
Complement and Induce Proteinuria

To determine directly whether the lipid-specific IgG
fractions contain complement-activating antibodies,
we combined for injection into rats affinity-purified
anti-gp330 IgG (which induced immune deposits but
failed to activate complement) with anti-MV-lip IgG,
which by itself does not bind to glomeruli after intra-
venous injection. The combination of the antibodies
resulted in the formation of immune deposits (Figure
5A) and activation of the C5b-9 complement mem-

brane attack complex (Figure 5B). While no protein-
uria was observed in animals when small amounts of

IgG were injected (400 pg anti-MV-lip IgG and 150 pg
anti-gp330 IgG), overt proteinuria of >30 mg/day de-
veloped when this amount was increased to 1.57 mg
anti-MV-lip IgG and 1.7 mg anti-gp330 IgG (Table 2).
C5b-9 neoantigen was detected also in the immune
deposits in rats injected with low doses of antibodies
and which did not develop proteinuria (Figure 5B).

The glomerular localization of the individual in-
jected IgGs was revealed when sheep anti-gp330
IgG was combined with rabbit anti-MV-lip-IgG, or
conversely. Both sheep and rabbit IgGs were then
detected within the immune deposits by direct im-
munofluorescence in these mixing experiments. In
addition, we confirmed this localization by cryo-
immunoelectron microscopy, where it was found that
the injected rabbit anti-MV-lip IgG localized within the
immune deposits (Figure 6, A and B).
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Figure 5. Comparative localization of IgG and C5b-9 in glomeruli 6 days after injection of antibody fractions preparedfrom anti-FxlA IgG by
immunofluorescence. The localization ofIgG is shown in A, C, and E, and that of CSb-9 in B, D, and F. Antibodies usedfor injection: A and B:
A mixture of affinity-purified sheep anti-affi-gp330 IgG plus rabbit anti-MV-lip IgG. C and D: Affinity-purified sheep anti-gp330 IgG alone. E and
F: Rabbit anti-MV-lip IgG alone. These experiments indicate that immune deposits areformed by antibodies to gp330 (A, C), while C5b-9 deposi-
tion requires also antibodies specific for microvillar glycolipids (B) (X 600).

I
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Localization of the FxlA-lip Glycolipid
Antigen(s)

The brush borders of proximal tubules of normal rat
kidneys were intensely labeled by anti-FxlA-lip IgG
by immunofluorescence on cryostat sections (Figure
7A). In addition, the basolateral aspects of the epi-
thelial cells of oroximal tubules and of cortical col-
lecting ducts were stained (Figure (A). (Glomeruli
showed a very light, diffuse staining. The binding of
anti-Fx1A-lip antibody was completely abolished
when the kidney sections were extracted with chlo-
roform, methanol, or ethanol before incubation, while
the immunolabeling with anti-gp330 IgG was not af-
fected (data not shown).

By immunogold electron microscopy on ultrathin
frozen sections, anti-Fx1A-lip IgG bound diffusely to
the surface membranes of glomerular epithelial,Figure 6. Localization by immunogold electron microscopy on ultra-

thin frozen sections of anti-MV-lip IgG (A, B) and of C5b-9 (C) in a endothelial, and, to a lesser extent, mesangial cells
mixing experiment, in which affinity-purified sheep anti-gp330 IgG (Figure 8). Coated pits were not labeled. In proximal
and rabbit anti-MV-lip IgG were combined for injection. Gold par-
ticles in A and B indicate the localization of rabbit anti-MV-lip IgG tubules, the membranes of brush border microvilli,
which is found in immune deposits (arrowheads). C: C5b-9 is also intermicrovillar domains, apical vesicles, and baso-
found within immune deposits (ID) in a similarpreparation. US, uri-
nary space; GBM, glomerular basement membrane (x32,000). lateral membranes were labeled (Figure 7, B and C).
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Figure 7. Localization of the FxlA-lip antigen (s) by immunofluorescence and on uiltrathin frozen section with lipid-specific anti-MV-lip antibod-
ies elutedfrom microvillar liposomes preparedfrom the glycolipids of tubular microvilli. A: Intense labeling by indirect immunofluorescence of the
brush border ofproximal tubules (P7) is seen. Faint staining of the basolateral regions of tubules is indicated by arrowheads. B and C: Indirect
immunogold labeling on ultrathin frozen sections ofproximal tubules shows labeling of the membranes of brush border microvilli (arrowheads,
MV), of the intermicrovillar membrane domains, and of the apical vesicles (V). By contrast to gp330, there is no specific labeling of coated pits
(X 32, 000).
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Figure 8. Localization ofthe Fx1A-lip antigen (s) on ultrathinfrozen sections in glomeruli ofnormal rats (A-C) and in PHN 6 days after injection
of anti-FxlA IgG (D and E). In allfigures, the cell membranes ofglomerular epithelial cells (GEC) and endothelial cells (E) are labeled by gold
particles (arrowheads). There is no obvious polarity, and the glycolipid antigen (s) are evenly distributed on the surfacesfacing the urinary space
(US), the glomerular basement membrane (GBM), and the capillary lumen (CAP). D and E: In 6-day PHN gold particles also label the immune
deposits (ID) (x 32, 000).

Gold particles were only rarely found in the glomerular
basement membrane (GBM) or on the membranes of
intracellular organelles (Figure 8C); they were ob-
served, however, within the matrix of immune depos-
its of rats 7 days after injection of sheep anti-Fx1A IgG
(Figure 8, D and E).

Injection of Anti-gp330 IgG Mixed with
Anti-Laminin and Anti-DPP IV IgG

Previous reports have suggested a role in PHN for
antibodies directed against DPP IV in the develop-
ment of proteinuria4 21 23 and against laminin.24 We
have therefore mixed affinity-purified sheep anti-
gp330 IgG (from sheep anti-Fx1A IgG) with rabbit an-
tibodies specific for rat DPP IV or laminin. When in-
jected into rats, these mixtures of antibodies
consistently failed to activate complement or induce
proteinuria (Figure 9, C and F), although both IgGs
were detected by immunofluorescence in glomeruli
from days 1 to 3 after injection (Figure 9, A, B, D, and
E). In addition, we found by immunoelectron micros-
copy that 7 days after injection, sheep anti-gp330 IgG
was exclusively present within the immune deposits,
while the antibodies to DPP IV were not (Figure 10).

Discussion
The intraglomerular activation of complement to the
C5b-9 membrane attack complex is essential for the

development of proteinuria in PHN8-10; however, the
molecular mechanisms for this process are not
known. Polyspecific antisera raised against crude
kidney cortex fractions, such as Fx1A, RTEa5, or iso-
lated rat microvilli, are able to induce full-blown PHN
with immune deposits and severe proteinuria 5 to 7
days after injection.22 By contrast, intravenous injec-
tion of monospecific anti-gp330-HNAC antibodies
prepared by affinity chromatography readily pro-
duced subepithelial immune deposits but failed to ac-
tivate complement or induce proteinuria.23 The sim-
plest interpretation of these findings is that in addition
to the gp330-HNAC-dependent mechanisms of
immune deposit formation, there is at least one ad-
ditional antibody species within the polyspecific an-
tisera raised against Fx1A or rat MV that is respon-
sible for the local activation of complement in PHN.
Previous results from other laboratories, as well as
experiments in this report, have not supported the
concept that complement activation and C5b-9 for-
mation are mediated by antibodies to glomerular pro-
teins, such as the enzyme DPP IV.2123'24 This has
raised the intriguing question as to whether a sub-
fraction of C5b-9-activating and proteinuria-inducing
antibodies is present within the polyspecific antisera
to Fx1A or MV which involves glycolipid rather than
protein antigen(s).
We have designed a strategy to separate the

nephritogenic polyvalent anti-Fx1A and anti-MV IgGs

.i

o o
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Figure 9. Localization of antibodies to gp 330. laminin, DPP IV, and C5b-9 in a mixing experiment in which sheep anti-gp3.30 IgG pils rabbit
anti-laminin IgG (A, B, C) and sheep anti-ggp330 IgG pins rabbit anti-DPP IV IgG (D, E, F) uere infected and the kidneys fixed 3 days after in-
jection. Sheep anti-gp3.30 IslG (A, D). rabbit anti-laminin IgG (B). and rabbit anti-DPP Il IgloG (E) crepresent nwithin the gloniernlar loops bi' i'l-
muniiofluorescence, bht the complemient C(5b-9 complex (C, F) is not activated ( x 600).

into two fractions by immunoabsorption, yielding one
with exclusive specificity for the glycolipids of rat mi-
crovilli (fx1A-lip) and another directed against mi-
crovillar proteins (Fxl A-prot). To test for their ability to
activate'complement and induce proteinuria, these
IgG fractions were injected into rats either separately
or in combination. The rat kidneys were evaluated by
immunohistochemistry for the formation of glomerular
immune deposits and the presence of C5b-9 mem-
brane attack complex. These approaches have pro-
vided evidence that the glycolipid-specific IgG frac-
tion is responsible for the in situ activation of
complement with formation of C5b-9, and, at least in
part, also for the development of proteinuria. This con-
clusion is supported by the finding that injection of a
mixture of IgGs specific for gp330-HNAC and for the
MV-lip or Fx1A-lip fractions induce immune deposits
and also activate C5b-9 membrane attack complex of
complement, while the individual antibody prepara-

tions fail to do so. The glycolipid-specific fractions
were found to be equally active when prepared either
by affinity purification on protein-free microvillar lipo-
somes or when the protein-specific antibodies were
completely depleted from polyspecific anti-Fx1A or
anti-MV IgGs by absorption onto isolated microvillar
proteins. When the amount of the injected glycolipid-
specific antibodies in combination with affi-gp330
IgG exceeded a threshold of -0.75 mg IgG/100 g rat
(Table 2), overt proteinuria was observed, which was
up to >80% of that observed when PHN was induced
by an equivalent amount of unfractionated anti-Fx1A
IgG. Proteinuria developed under these conditions
even though the most avidly binding anti-glycolipid
antibodies were obviously not eluted from the agglu-
tinated liposomes used for immunoabsorption. These
findings agree with previous observations in which a
threshold amount of glomerular antibody was found to
be necessary to induce proteinuria in PHN.25 It further
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Figure 10. Localization of affinity-purfied sheep anti-gp330 IgG (A)
and anti-DPP IV IgG (B) in a mixing experiment in which sheep
anti-gp330 IgG pluts rabbit anti-DPP IV IgG were injected on day 6
before sacrifice. Sheep anti-gp330 IgG wvasfound u'ithin the imnizue
deposits (arrowheads) by a direct immunoperoxidase method, but
anti-DPP IV antibodies were absent and were only found on endo-
thelial cell surfaces. (IS, urinary space; E, endothelial cells; GBM, glo-
merular basement membrane. Arrowheads indicate membrane
vesicles (X 25,000).

appears that the Fx1A-prot IgG fraction contains the
potency to produce immune deposits after intrave-
nous injection, presumably because it contains,
among other specificities, the IgG directed against
gp330-HNAC. By contrast, this fraction has failed
completely to activate complement in our hands.
Since the Fx1A-prot IgG fraction contains the entire
repertoire of antibodies to microvillar proteins and
lacks those specific for glycolipids, this provides fur-
ther evidence that the complement-activating prin-
ciple is contained within the glycolipid-specific frac-
tion.

As indicated by immunoelectron microscopy, there
is apparently a close association of the gp330-HNAC
immune complexes and the glycolipid antigens. This
is supported by the observation that antibodies to
Fx1A-lip or MV-lip do not bind to glomeruli and do not
activate complement when injected alone. However,
they co-localize with anti-gp330-HNAC IgG within the
immune deposits when co-injected with anti-gp330-
HNAC IgG. Obviously, the species specificity of the
IgG is not of relevance, because in some mixing ex-

periments sheep antibody to gp330 and rabbit IgG to
MV-lip or vice versa were used with the same results.

This raises the question of whether the microvillar
glycolipids are also present within the normal glo-
merulus and could serve there as a target for their
specific antibodies to form immune complexes in situ,
similar to the role of gp330-HNAC in the formation of
immune deposits.7'24. When anti-MV-lip IgG was
used for the localization of glycolipids, they were
found along the cell membranes of podocytes, but not
in clathrin-coated pits where gp330 is located. The
glycolipid antigen(s) were also localized on the sur-
face membranes of glomerular endothelial cells.
However, these data do not provide a definite local-
ization of the glycolipid antigen(s) which induce
complement activation upon antibody binding, be-
cause of the presumable polyspecificity of the cur-
rently available anti-MV-lip antibodies. This raises the
possibility that the glycolipids found within the im-
mune deposits are derived from endogenous glomer-
ular cells rather than from circulating immune com-
plexes, although definite evidence for this
mechanism is lacking.

It is at present not known by which molecular
mechanisms antibodies to glomerular glycolipids
could activate or assist in the activation of comple-
ment at the levels of podocyte cell membranes and/or
within the immune deposits. There are several ex-
amples in which glycolipids influence in vitro inter-
actions of components of the alternate pathway, es-
pecially of C3 and factor H. For example,
phosphatidylethanolamine binds with high-affinity hu-
man C3, and modifications of phosphatidylethano-
lamine amino groups were shown to decrease the
binding activity of factor H to C3b.26 Furthermore,
modifications of sialic acid residues of gangliosides
(especially of those on the C-9 carbon of the poly-
hydroxylated tail and on the carboxyl group) were
shown to greatly reduce the inhibitory effect of sialic
acids on the alternate pathway by reduction of bind-
ing of factor H to C3b.2728 In PHN, one hypothetical
explanation could be that the immune complex for-
mation of the anti-glycolipid antibodies occurs via
carbohydrate side chains and may thus modify the
basal cell surface of the podocyte to become an ac-
ceptor for complement components and isubse-
quently influence their interaction, for example, by re-
ducing the binding affinity of factor H to C3.

Recently a role for macrophages in the develop-
ment of proteinuria in PHN was suggested by the ob-
servation that their average number of -5 in normal
controls was increased in proteinuric rats to >20 per
glomerulus. Depletion of macrophages was shown to
delay the onset of proteinuria.29 While there is no con-
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ceivable role for macrophages in the activation of
complement in PHN, it is possible that their number
per glomerulus increases after this event. Our search
with a panel of monoclonal marker antibodies on
cryostat sections, however, has failed to show a sig-
nificant increase in macrophages, thus making it un-
likely, but not impossible, that they could contribute to
glomerular damage (unpublished observations).
The cellular mechanisms that convert the formation

of C5b-9 and its insertion into the cell membranes of
podocytes9 to damage of the glomerular filter and
proteinuria are not completely understood at present.
One hypothesis is that C5b-9 induces the synthesis of
the enzymes of the NADPH-oxido-reductase com-
plex, which is externalized by podocytes and sub-
sequently generates locally reactive oxygen species
that could modify matrix proteins of the GBM.30 This
is plausible, because the expression of the key en-
zyme of the oxido-reductase complex, cytochrome
b558 in glomeruli in PHN, was found to be suppressed
by complement depletion with cobra venom factor.30
Thus, the activation of complement by immune com-
plex formation with glycolipid antigen(s) could initiate
this cascade of events, which are associated with the
development of proteinuria.
The results of this study appear to rule out the pos-

sibility that the enzyme DPP IV31,32 or laminin33 serve
as possible antigen(s) for the complement-activating
"second immune complex system of PHN." These
proteins were suspected, because it was observed
that antibodies eluted from glomeruli of rats with PHN
induced by polyspecific antibodies occasionally im-
munoblotted DPP IV and laminin, in addition to
gp330.29,31,33 However, it appears that antibodies to
these proteins only slightly enhance glomerular dam-
age when injected together with anti-gp330
IgG.24'33.34 In addition, the results presented in this
paper show that anti-DPP IV and anti-laminin antibod-
ies do not enter the immune deposits at all when in-
jected together with anti-gp330-HNAC IgG. Taken to-
gether, these and other data34 suggest that anti-DPP
IV and anti-laminin IgG play little, if any, role in the
development of proteinuria in PHN.

Collectively, these results indicate that nephrito-
genic antibodies raised against the crude kidney cor-
tex glycolipoprotein preparation Fx1A and against
isolated tubular microvilli contain two groups of speci-
ficity: one that is responsible for the formation of sub-
epithelial immune deposits that was identified as the
gp330-HNAC6, and a second fraction that contains
the complement-activating IgG and which is present
in the glycolipid-specific fraction. This latter IgG binds
only to glomeruli in cooperation with gp330-HNAC im-
mune complexes. The precise identification of the

complement-activating glycolipid and production of
monospecific antibodies will be required to clarify the
mechanisms of cooperation of the anti-gp330-HNAC
IgG and the role of the glycolipid antigen-antibody
system in the activation of complement and the de-
velopment of proteinuria in PHN.

Acknowledgments
We thank Mrs. Anni Hovorka, Brigitte Langer, Regina
Liebl, and Helga Poczewski for excellent technical
assistance.

References

1. Heymann W, Knutec EP, Wilson SGF, Hunter JLP,
Hackel DB, Okuda R, Cuppage L: Experimental auto-
immune renal disease in rats. Ann NY Acad Sci 1965,
124:310-326

2. Kerjaschki D, Farquhar MG: Immunocytochemical lo-
calization of the Heymann nephritis antigen (gp330) in
glomerular epithelial cells of normal Lewis rats. J Exp
Med 1983, 157:667-686

3. Edgington TS, Glassock RJ, Dixon JF: Autologous im-
mune complex nephritis induced with renal tubular an-
tigen. Identification and isolation of the pathogenic an-
tigen. J Exp Med 1968, 127:555-572

4. Miettinen A, Tornroth T, Tikkanen I, Virtanen I, Linder
E: Heymann nephritis induced by kidney brush border
glycoproteins. Lab Invest 1980, 43:547-555

5. Kerjaschki D, Ulirich R, Diem K, Pietromonaco S, Or-
lando RA, Farquhar MG: Identification of an pathoge-
netic epitope in the rat involved in initiation of Hey-
mann nephritis. Proc Natl Acad Sci USA 1992, 89:
11179-11183

6. Orlando RA, Kerjaschki D, Kurihara H, Biemesdorfer
D, Farquhar MG: Gp 330 associates with a 44-kDa
protein in the rat kidney to form the Heymann nephritis
antigenic complex. Proc Natl Acad Sci USA 1992, 89:
6698-6702

7. Kerjaschki D, Farquhar MG: The pathogenic antigen
of Heymann nephritis is a membrane glycoprotein of
the renal proximal tubular brush border. Proc Natl
Acad Sci USA 1982, 79:5558-5561

8. Schulze M, Baker PJ, Perkins DT, Johnson RJ, Ochi
RF, Stahl RAK, Couser WG: Increased urinary excre-
tion of C5b-9 distinguishes passive Heymann nephritis
in rat. Kidney Int. 1989, 35:60-68

9. Kerjaschki D, Schulze M, Binder S, Kain R, Ojha PP,
Susani M, Horvath R, Baker PJ, Couser WG: Transcel-
lular transport on the membrane insertion of the C5b-9
membrane attack complex of complement by glomer-
ular epithelial cells in experimental membranous
nephropathy. J Immunol 1989, 143:546-552

10. Couser WG, SteinmOller DR, Stilmant MM, Salant DJ,
Lowenstein LM: Experimental glomerulonephritis in



Glycolipid Antibodies in PHN 819
AJP April 1994, Vol. 144, No. 4

the isolated perfused rat kidney. J Clin Invest 1978,
62:1275-1287

11. Malathi P, Preiser H, Fairclough P, Mallet P, Crane RK:
A rapid method for the isolation of kidney brush bor-
der membranes. Biochim Biophys Acta 1979, 554:
259-265

12. Akerstrbm B, Brodin T, Reis K, Bjorck L: Protein G: a
powerful tool for binding and detection of monoclonal
and polyclonal antibodies. J Immunol 1985, 135:
2589-2592

13. Svennerholm S, Fredman P: A procedure for the quan-
titative isolation of brain gangliosides. Biochim Bio-
phys Acta 1980, 617:97-101

14. Rooijen v N, Nieuwmengen v R: Use of liposomes as
biodegradable and harmless adjuvants. Methods En-
zymol 1983, 93:83-88

15. Harlow E, Lane D: Antibodies. Cold Spring Harbor,
NY, Cold Spring Harbor Laboratory Press, 1988, pp
447-552

16. Gershoni JM, Palade GE: Protein blotting: principles
and applications. Anal Biochem 1983, 131:1-15

17. Magnani JL, Brockhaus M, Smith DF, Ginsburg V: De-
tection of glycolipid ligands by direct binding of
carbohydrate-binding proteins to thin layer chromato-
grams. Methods Enzymol 1982, 83:235-241

18. Weichselbaum TE: An accurate and rapid method for
the determination of proteins in small amounts of
blood serum and plasma. Am J Clin Pathol 1946, 10:
40-46

19. McLean IW, Nakane PF: Periodate-lysine-paraformal
dehyde fixative: a new fixative for immunoelectron mi-
croscopy. J Histochem Cytochem 1974, 22:1077-
1083

20. Kerjaschki D, Sawada H, Farquhar MG: Immunoelec-
tron microscopy in kidney research: some contribu-
tions and limitations. Kidney Int. 1986, 30:229-245

21. Kamata K, Baird LG, Erikson ME, Collins AB, McClus-
key RT: Characterization of antigens and antibodies
involved in Heymann nephritis. J Immunol 1985, 135:
2400-2408

22. Cybulsky AV, Rennke HG, Reintzeig ID, Salant DJ:
Complement induced glomerular epithelial cell injury.
Role of the membrane attack complex in rat membra-
nous nephropathy. J Clin Invest 1986, 77:1096-1107

23. Pietromonaco S, Kerjaschki D, Binder S, Ullrich R, Far-
quhar MG: Molecular cloning of a major pathogenetic

domain of the Heymann nephritis antigen gp 330.
Proc Natl Acad Sci USA 1990, 87:1811-1815

24. Verroust P, Ronco P, Chatelet F: Antigenic targets in
membranous glomerulonephritis. Springer Semin Im-
munopathol 1987, 9:341-358

25. Salant DJ, Darbby C, Couser WG: Experimental mem-
branous glomerulonephritis in rats. J Clin Invest 1980,
66:71-81

26. Mold C: Effect of membrane phospholipids on activa-
tion of alternative complement pathway. J Immunol
1989, 143:1663-1668

27. Michalek MT, Mold C, Bremer EG: Inhibition of the al-
ternative pathway of human complement by structural
analogues of sialic acid. J Immunol 1988, 140:1588-
1594

28. Michalek MT, Bremer EG, Mold C: Effect of ganglio-
sides on activation of the alternative pathway of hu-
man complement. J Immunol 1988, 140:1581-1587

29. Hara M, Batsford SR, Mihatsch MJ, Bitter-Suermann
D, Vogt A: Complement and monocytes are essential
for provoking glomerular injury in passive Heymann
nephritis in rats. Lab Invest 1991, 65:168-179

30. Neale TJ, Ullrich R, Ojha P, Poczewski H, Verhoeven
AJ, Kerjaschki D: Reactive oxygen species and neu-
trophil respiratory burst cytochrome b558 are pro-
duced by kidney glomerular cells in passive Heymann
nephritis. Proc Natl Acad Sci USA 1993, 90:3645-
3649

31. Ronco P, Allegri L, Melcion C, Priotsky E, Appay MD,
Bariety J, Pontillion F, Verroust P: A monoclonal anti-
body to brush border and passive Heymann nephritis.
Clin Exp Immunol 1984, 55:319-332

32. Pruchno ChJ, Burns MM, Schulze M, Johnson RJ,
Baker PJ, Alpers ChE, Couser WG: Urinary excretion
of the C5b-9 membrane attack complex of comple-
ment is a marker of immune disease activity in autolo-
gous immune complex nephritis. Am J Pathol 1991,
138:203-211

33. Hogendoorn PCW, Bruijn JA, van der Broeck LJCM,
de Heer E, Foidart JM, Hoedemaeker PhJ, Fleuren
GJ: Antibodies to purified renal tubular antigens con-
tain activity against laminin, fibronectin and type IV
collagen. Lab Invest 1988, 58:831-842

34. Natori Y, Hayakawa I, Shibata S: Role of dipeptidyl
peptidase in passive Heymann nephritis. Am J Pathol
1989, 134:405-410


